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Semiconductor wire-like microstructures with nanometer-scale dimensions have been grown by a self-
organized technique. This fabrication is based on organometallic vapour-phase epitaxy (OMVPE). Gold is a 
key material for growing such nanometer-cylinders (called whiskers). Artificially controlling the gold 
deposition and the subsequent self-organized growth process resulted in successful control of diameter, 
length, and growth position of whiskers. Low-damage quantum-wire structures were fabricated which 
showed quantum confinement effects for electrons in quasi one-dimensional-structures. As an application of 
these structures, GaAs whiskers with p-njunctions were grown and used in quantum-wire light emitters. 
Current fabrication techniques for semiconductor fine 
structures are also useful for fabricating one-
dimensional structures that show quantum size effects 
in electrical and optical properties. Various techniques 
have been used to make such wire structures (1, 2). Ion 
beam lithography (3), ion etching (4), molecular beam 
epitaxy (MBE) (2), and organometallic vapour-phase 
epitaxy (OMVPE) (5) are especially suitable and 
reliable techniques for this purpose. However, wires 
formed by ion beams and ion etching are subject to 
damage or contamination at the crystal surface. 
We previously fabricated a semiconductor wire 
structure consisting of GaAs and InAs whiskers grown 
by OMVPE (6, 7) with gold as a growth catalyst. 
Those whiskers can provide damage-free quantum-size 
wire crystals because they allow direct formation of 
structures as small as 20 nm without using etching 
techniques. 
A growth procedure for silicon whiskers in the 
vapour phase using gold was first reported by Wagner 
and Ellis (8), and they proposed a vapour-liquid-solid 
(VLS) mechanism to explain the whisker shape. 
Givargizov (9) reported growth kinetics of Si, Ge, and 
SiC whiskers grown by vapour phase epitaxy using 
gold as a catalyst. However, a suitable method for 
controlling the size, shape, growth direction or growth 
position of whiskers has not previously been reported. 
We fabricated GaAs and In As whiskers by 
controlling their shapes, directions and positions. 
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We examined their structures by scanning 
electron microscopy (SEM) and transmission electron 
microscopy (TEM) , and measured the optical 
properties of LEDs fabricated by using those whiskers. 
WHISKER GROWTH BY OMVPE 
Growth Process 
SEM photographs of typical GaAs whiskers formed on 
a GaAs(111)As (GaAs{111)B) substrate surface at 
420°C is shown in Figure 1. The direction of whisker 
growth is parallel to the (111)As direction. 
The experimental procedure for growing the GaAs 
whiskers is illustrated in Figure 2. First, gold was 
deposited on a GaAs(111)As substrate by conventional 
vacuum evaporation. The average thickness of the 
deposited gold varied between 0.1 and 10 nm. After 
gold deposition, the substrate was exposed to air before 
being placed in an OMVPE growth chamber, which 
was heated at 500°C for about 10 min in an OMVPE 
atmosphere. Wires were then grown along the (111)As 
direction by supplying the source gases 
trimethylgallium (TMG) and arsine (AsH3; 10% 
in H2). 
The probable mechanism of whisker growth is 
explained as follows. The gold deposited on the 
substrate surface forms islands when the average gold 
thickness is ca 0.1 nm (Figure 2 (a)). During the 






Figure 1 SEM photographs of typical GaAs whiskers formed on 
a GaAs(IJJ}As (GaAsJIJ}B) substrate surface at 
420 DC 
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Figure 2 Representation of experimental procedure for growing 
GaAs whiskers. 
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heating in an AsH3/H 2 atmosphere, Au-Ga-As alloy 
droplets are formed by a reaction between the gold and 
the GaAs substrate (Figure 2 (b)). When the thickness 
of the deposited gold is larger than 0.1 nm, the same 
reaction probably proceeds during the heating. The 
alloy droplets were as small as 10 nm when the average 
thickness of deposited gold was 0.1 nm. During the 
heating in OMVPE, the amount of source molecules 
absorbed into the gold alloy increases with increasing 
supply of TMG and AsH3. This increased supply 
causes a supersaturated condition for Ga and As in the 
alloy. Thus, GaAs deposits on the GaAs(111)As crystal 
face, and wire-shaped whiskers are grown as shown in 
Figure 2(c). 
Our experimental results show that the whiskers 
grown at about 400°C are cylindrical in shape and 
their width is almost equal to the diameter of the Au-
Ga-As alloy at the tip. We therefore believe that the 
growth process is governed by the VLS growth 
mechanism proposed by Wagner and Ellis. As shown 
in Figure 3, actual alloy droplets can be seen on the top 
of the wire crystals. The grown whiskers are cylindrical 
and about 15 nm in diameter. 
Overview 
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Length: I. Spm) 








Figure 4 SEM image of site-controlled GaAs wire crystals 
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Figure 5 Growth of lateral whiskers on GaAs. 
Growth Control 
We first artificially controlled the growth position of the 
wire crystal (10). Such control is essential for various 
device applications for whiskers. The growth procedure 
for site-controlled whiskers is shown schematically in the 
inset of Figure 4. We controlled the location of whiskers 
by using a silica window mask formed by electron-beam 
lithography. After removing the patterned resist layer 
with a 1 nm-thick gold thin film, the gold film 
remained only inside the silica windows. The annealing 
process formed a single alloy droplet inside each 
window. After removing the silica mask, the sample was 
placed in an MOVPE chamber to grow the whiskers. 
Figure 4 shows an SEM image of site-controlled GaAs 
wire crystals grown on a GaAs(111)B substrate. Wire 
crystals with diameters of about 80 nm are placed 
exactly at the four corners of a 2 x 2 rm square. 
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Next, we fabricated the lateral whiskers as 
described in Reference 11. To grow the whiskers 
laterally, gold-alloy droplets must be formed on the 
side wall of a ridge formed on the substrate. This was 
achieved by selecting a GaAs substrate whose [lll]As 
direction was normal to the side edge of the Si02 
pattern (Figure 5 (a)) . GaAs (110) and (211) As 
substrates were used. The Si02 masking pattern was 
formed by conventional photolithography. Then the 
substrate was partially etched away and a step (about 5 
rm high) was formed. Si02 was deposited again on the 
entire substrate surface except for the side wall of the 
GaAs step. A small amount of gold (less than one 
monolayer) was evaporated onto the substrate, which 
was then heat-treated at 500°C (Figure 5(b)). Wire 
crystals were grown by MOVPE after the silica mask 
had been removed (Figure 5(c)). The wire crystals 
grown were about 30-60 nm in diameter and about 2 
rm long. Figure 5(d) illustrates an SEM image and a 
schematic configuration of the GaAs whiskers. 
When growth time is sufficiently long, bridge-type 
whisker arrays can be fabricated by using a technique 
similar to the one described above (11). Figure 6 shows 
the bridge-type GaAs whisker arrays we fabricated. The 
substrate used for this experiment had a shallow 1 rm-
wide ditch. One side wall of the ditch has a (111)As 
face, and the other a (111) Ga face. 
WHISKERS WITH P-N JUNCTIONS 
The wire crystals were grown on n-type GaAs(111)B 
substrates using AsH3 and TMG. The substrates were 
doped with lx10 18cm-3 of Si. The growth occurred 
along the [111] direction such that the wire crystal axes 
were exactly perpendicular to the substrates. The 
GaAs wire crystal j 
Figure 6 Bridge-type GaAs whisker arrays. 
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Figure 7 Fabrication of an LED with a whisker-diode 
structure. 
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Figure 8 Emission spectra, measured at 77K while current was 
applied 
length of the wire crystals was ca 2 rm and their 
diameter ca 100 nm. During the growth process, 
doping species were changed in order to obtain the p-n 
junction at the middle point of the wire crystal (13). 
During the first half of the wire growth, silicon was 
doped into the wire by using disilane (SizH 6). This 
resulted in n-type doping of about lx10 18cm-3. 
Carbon doping also occurred because of the low supply 
rate of AsH3/TMG during the latter half of growth, 
thus leading to p-type doping of about 8x1018cm-3. 
Carbon doping is advantageous because it prevents the 
self diffusion of the dopant and reduces the diffusion 
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of Zn from the AulZn electrode used for the ohmic 
contact. 
Figure 7 illustrates schematically a fabricated LED 
with a whisker-diode structure. There were 3.3x106 
crystals per 1 mmZ area of this device. A conventional 
AuiGe/Ni electrode was employed to form an ohmic 
contact on the substrate side. AulZn electrodes were 
fabricated as ohmic contacts on the top of the p-type 
doped wire crystal. The wire crystals were buried under 
spin-on-glass (SOG). 
We measured electrical characteristics of the 
device. A sudden rise in current was observed at 0.6 V 
forward bias. Moreover, soft breakdown occurred at ca 
-2.5-V reverse bias. The device thus showed the non-
linear I-V characteristics inherent in a p-njunction. 
Such a p-n junction can be characterized by 
electroluminescence measurements (13). Emission 
spectra were measured at 77 K while current was 
applied (Figure 8). It can be seen from the figure that 
emission intensity varies linearly with injection current 
density. The peak position for all three currents is at 
1.485 e V (835 nm). The width at half maximum 
remained constant at 0.051 e V, even with varying 
current. The peak energy of light emitted from bulk 
GaAs with carbon doping is estimated to appear at 
1.483 e V (836 nm). This coincidence explains why the 
emitted light observed here comes from the p-n 
junction. Evidence of the quantum confinement 
effect is the polarization dependence of the 
electroluminescence. The electroluminescence spectra 
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Figure 9 Electroluminescence spectra at 77K 
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at 77 K are given in Figure 9 (14). The solid line 
represents the electroluminescence spectrum for the 
light whose electric field vector is parallel to the wire 
crystal axis, while the dashed line indicates the 
spectrum of the electric field vector perpendicular to 
the wire crystal. The peak intensity of perpendicular 
light is 30% smaller than that of parallel light at 77 K. 
In the case of bulk samples with p-n junctions, we 
could not find any polarization anisotropy at this 
temperature (77 K). These results therefore suggest the 
existence of the two-dimensional quantum 
confinement of the carriers. However, it should be 
noted that the polarization anisotropy is much stronger 
than the measured ratio because of the waveguide 
structure of the sample having metal electrodes. The 
polarization anisotropy of each individual wire crystal 
was estimated to be 20% when sample geometry was 
considered. This value is in good agreement with that 
given by the cylindrical approximation theory 
proposed by Sercel et al. The anisotropy is clear 
evidence of the quantum confinement effect of the 
carriers. 
CONCLUSIONS 
GaAs wire crystals as thin as 15-50 nm have been 
grown by metal-organic vapour-phase epitaxy. The 
growth mechanism is based on the vapour-liquid-solid 
(VLS) growth model. Gold alloy droplets play an 
essential role in the crystal growth. The crystal growth 
site on the substrate can be artificially controlled by 
positioning the gold alloy droplets. Nanolithography 
techniques have been used to laterally grow these wire 
crystals. Furthermore, GaAs whiskers with p-n 
junctions were grown. These p-n junctions emit 
intense light, which shows that GaAs whiskers can be 
used as ultra-small light-emitting diodes. 
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